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The  gene  encoding  Bacillus  anlhracis  protective  antigen  (PA)  was  modified  by  site-directed  mutagenesis, 
subcloned  into  baculovirus  and  vaccinia  virus  plasmid  transfer  vectors  (pAcYMi  and  pSC-ll,  respectively), 
and  inserted  via  homologous  recombinations  into  baculovirus  Autographa  californica  nuclear  polyhedrosis 
virus  or  vaccinia  virus  (strains  \VR  and  Connaught).  Expression  of  PA  was  detected  in  both  systems  by 
immunofluorescence  assays  with  antisera  from  rabbits  immunized  with  II.  antliracis  PA.  Western  blot 
(immunoblot)  analysis  showed  that  the  expressed  product  of  both  systems  was  slightly  larger  (K6  kilodaltons) 
than  II.  a/if/rraW.t-produced  PA  (X.1.5  kilodaltons).  Analysis  of  trypsin  digests  of  virus-expressed  and  authentic 
PA  suggested  that  the  size  difference  was  due  to  the  presence  of  a  signal  sequence  remaining  with  the 
virus-expressed  protein.  Immunization  of  mice  with  either  recombinant  baculovlrus-infcctcd  Spodnptera 
frngiperda  cells  or  with  vaccinia  virus  recombinants  elicited  a  high-titer,  antl-PA  antibody  response.  /, 


llai  illns  antliracis  is  the  etiological  agent  of  anthrax,  a 
disease  which  alTccts  domestic  livestock  and  is  frequently 
fatal.  Humans  can  also  become  infected  through  contact 
with  infected  animats  or  animal  products  (4.  11).  Two 
virulence  factors  have  been  described  for  II.  antliracis.  a 
tripartite  exotoxin  (1.  14.  17)  and  a  poly-n-glutamic  acid 
capsule  (26.  40.  41.  49).  The  toxm  and  capsule  have  been 
shown  to  be  encoded  by  separate  plasmids  contained  in  II. 
antliracis.  pXOl  and  pX()2,  respectively  (X.  27.  44).  Anthrax 
toxin  is  composed  of  protective  antigen  (PA),  lethal  factor 
1 1 . 1 •' ) .  and  edema  factor  ( HI7).  PA  combines  with  EF  or  LF  to 
form  edema  toxin  or  lethal  toxin,  respectively,  however, 
individually,  each  of  these  three  components  is  not  toxic. 
Lethal  toxin  may  cause  death  in  rats,  guinea  pigs,  and  mice 
(1. 5.  6).  Intradermal  injection  of  edema  toxin  causes  edem¬ 
atous  lesions  in  the  skin  (6,  16,  42).  Although  the  biological 
role  of  PA  as  a  component  of  the  anthrax  toxin  is  not 
completely  understood,  evidence  has  been  obtained  suggest¬ 
ing  that  PA  (81.5  kilodaltons  |kDa|)  initially  binds  to  a 
specific  cell  surface  receptor  and  is  subsequently  proteolyt- 
ically  cleaved  by  a  trypsin-like  protease  to  produce  a  recep¬ 
tor-bound  63.5-kDa  fragment  and  a  20-kDa  fragment,  which 
is  released  from  the  cell  surface  (16).  The  61.5-kDa  PA 
fragment  is  then  bound  competitively  by  LFor  EF(16).  The 
resulting  toxin  complex  is  thought  to  enter  cells  by  receptor- 
mediated  endocytosis  (7),  but  the  mechanism  of  cell  death 
has  not  been  determined.  The  poly-n-glutamic  acid  capsule 
contributes  to  disease  virulence  by  inhibiting  phagocytosis 
(14.  49). 

Vaccines  of  variable  efficacy  and  safety  have  been  devel¬ 
oped  and  used  for  many  years.  The  current  livestock  vaccine 
contains  the  spores  of  an  attenuated,  toxigenic,  noncapsu¬ 
lated  strain  of  If.  antliracis,  originally  developed  by  Sterne 
(18).  In  the  United  States,  the  licensed  human  vaccine 
consists  of  aluminum  hydroxide-adsorbed  supernatant  ma¬ 
terial  from  fermentor  cultures  of  V770-NP1-R,  a  toxigenic 
but  noncapsulated  strain  of  II.  antliracis  (12).  Effective 
immunization  requires  an  initial  course  of  three  doses  fol¬ 
lowed  by  three  additional  doses  given  at  6. 12.  and  18  months 
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(2).  Subsequent  annual  boosters  are  necessary  to  maintain 
immunization.  The  immunization  schedule  is  effective  but 
inefficient,  since  multiple  doses  over  long  periods  of  time  are 
required.  More  recently,  the  efficacy  of  the  human  vaccine 
against  certain  strains  of  II.  antliracis  has  been  questioned 
(17).  PA  appears  to  be  the  only  essential  component  in  an 
effective  anthrax  vaccine  (6.  9.  1().  11).  The  protective 
epitopes  on  PA  appear  to  be  those  also  involved  in  recogni¬ 
tion  of  cell  surface  receptors,  as  the  only  two  anli-PA 
monoclonal  antibodies  that  neutralize  anthrax  toxin  (lethal 
toxin  anil  edema  toxin)  also  prevent  PA  from  binding  to  cell 
surface  receptors  (18). 

The  primary  objective  of  the  studies  described  here  was 
the  development  of  vaccine  candidates  against  II.  antliracis 
which  may  be  more  efficacious  and  less  reactogenic.  Our 
approach  has  been  to  insert  the  PA  gene  into  foreign  vectors 
capable  of  expressing  PA  directly  in  animals  or  vectors 
capable  of  high  expression  rates  in  cell  culture.  The  PA  gene 
has  been  cloned,  sequenced,  and  subsequently  expressed  in 
several  procaryotic  systems  (12.  45).  Certain  cucaryotic 
viruses  are  currently  being  explored  as  foreign  gene  expres¬ 
sion  systems  and  expression  vectors  for  potential  vaccine 
use.  Autographa  californica  nuclear  polyhedrosis  vims  is  an 
insect  virus  (baculovirus)  which  can  express  foreign  genes  to 
unusually  high  levels  when  the  gene  is  inserted  into  the 
polyhedrin  gene  of  the  virus  (19.  21. 25.  28. 33. 35).  Vaccinia 
vims  has  been  developed  as  a  live,  infectious  expression 
vector  for  foreign  genes  inserted  into  the  vims  thymidine 
kinase  gene  (21.  22.  29.  30).  Insertion  of  the  PA  gene  into 
vaccinia  virus  provided  a  cucaryotic  recombinant  vector 
capable  of  PA  expression  in  vivo,  whereas  a  baculovims-PA 
gene  recombinant  produced  PA  efficiently  in  cell  culture. 
Demonstrated  here  are  the  expression  of  PA  in  both  vims 
systems,  the  antigenicity  of  these  products,  and  the  immu- 
nogenicily  of  expressed  PA  in  mice. 

MATERIALS  AND  METHODS 

Viruses  and  cells.  Vaccinia  virus,  strains  Connaught  (Con) 
and  WR.  and  rccombinunts  (Con-PA  and  WR-PA)  were 
prepared,  propagated,  and  assuyed  in  Vcro  cells  as  de¬ 
scribed  previously  (3.  22).  All  viral  infections  were  initiated 
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in  medium  containing  10%  fclal  bovine  scrum.  Vaccinia 
virus  recombinations  were  performed  by  infection  of  Vero 
cells  with  0.06  PFU  per  cell,  and  cells  were  incubated  for  3.5 
It  at  37°C.  followed  by  the  addition  of  30  ng  of  plasmid  DNA 
by  CaCL  precipitation.  A.  ctilifnrnini  nuclear  polyhedrosis 
virus  and  recombinant  baculoviruses  (IBac-PA  and  2Bac- 
PA)  were  prepared,  propagated,  and  assayed  in  Spodoptem 
fruxipcrdti  (SF-9)  cells  as  described  previously  (39). 

Plasmids  and  bacteria.  A  phagemid  vector  that  contained 
the  PA  gene  within  a  4.2-kilobasc  insert.  pBLSCRPPA.  was 
kindly  supplied  by  J.  Lowe.  United  States  Army  Medical 
Research  Institute  of  Infectious  Diseases  (USAMRIID).  The 
4.2-kilobasc  fragment  was  excised  from  the  plasmid  pl’A26 
<47 1  with  restriction  enzymes.  Clal  and  BamHl.  and  sub¬ 
cloned  into  the  multiple  cloning  site  of  (he  phagemid  vector. 
pBI.U [-SCRIPT  (Stratagene,  La  Jolla.  Calif.*.  pBLSCRPPA 
plasmid  DNA  was  transformed  into  competent  Escherichia 
i  uli  strain  DII5  cells  (Bcthesda  Research  laboratories.  Inc., 
(i.iithcrshurg.  Md.)  and  amplified  and  purified  as  previously 
described  (24).  All  other  plasmid  amplifications  and  extrac¬ 
tions  were  performed  according  to  the  procedures  of  Mani- 
atis  el  al.  (24).  Ihiritied  B.  unlhrut  i i •  produced  PA  was  kindly 
supplied  hv  Leppla  (USAMRIID)  and  was  prepared  as 
previously  described  (15). 

Site-directed  mutagenesis.  pBLSCRPPA  DNA  was  trans¬ 
formed  into  competent  E.  coli  CJ236  cells  (UNO'  DUT  : 
Bio-Rad  Laboratories.  Richmond.  Calif. I.  Transformed 
CJ2J6  cells  were  expanded,  and  single-strand  pBLSCRPPA 
DNA  template  was  generated  by  the  method  described  in  the 
Stratagene  pBLUESCRIPT  Exo/Mung  DNA  Sequencing 
System  manual.  Two  different  oligonucleotides  were  pre¬ 
pared  (Applied  Biosystems  3X1 A  DNA  synthesizer.  Foster 
City .  Calif.)  which  were  complementary,  with  the  exception 
of  one  and  two  altered  nucleotides  corresponding  to  two 
sites  on  the  single-strand  DNA  template  located  5"  to  the 
putative  PA  gene  promoter  (47).  Oligonucleotide  no.  1 
( 3‘-CATAT  T  (  iGTCT  AG  A  A  A  AT  AGGC-5  ’ )  created  a  new 
/fg/ll  site  241  nuclei  ides  upstream  from  the  PA  gene  ATG 
initiation  codon,  and  oligonucleotide  no.  2  (3'-GGC 
FlCiC  C  I  AGCiTGCA  TAA-5)  created  a  new  Bam  HI  she  224 
nucleotides  upstream  from  the  PA  gene  ATG  initiation 
codon  (underlined  sequences  identify  the  new  restriction 
endonuclease  sites).  The  nucleotide  sequence  of  the  PA  gene 
and  certain  Hanking  sequences  have  been  reported  previ¬ 
ously  (47).  Site-directed  mutagenesis  was  performed  on 
pBLSCRPPA.  according  to  the  recommendations  of  the 
manufacturer.  DNA  synthesis  products  were  transformed 
into  competent  E.  coU  MV1190  cells,  and  transformants 
were  screened  for  the  presence  of  mutations  in  pBLSCRPPA 
by  differential  hybridization  with  the  appropriate  oligonucle¬ 
otides  (48). 

Fractionation  of  rccombinant-infccted  cells,  PACK,  and 
Western  blot  analysis.  Recombinant-infected  cells  (Vero  and 
SF-9  cells)  were  washed  with  ice-cold  phosphate-buffered 
saline  (Sigma  Chemical  Company,  St.  Louis.  Mo.)  and  lysed 
by  vigorous  mixing  in  1  ml  of  ice-cold  cell  lysis  buffer  (400 
mM  NaCl,  50  mM  Tris  hydrochloride.  1  mM  EDTA.  1% 
Triton  X-100.  10  jig  of  a-2-macroglobulin  [Sigma]  per  ml,  10 
g.g  of  aprotinin  [Sigma|  per  ml,  0.2%  deoxycholate  [pH  8.0|) 
per  1  x  10**  to  3  x  10*  cells.  Cells  were  incubated  on  ice  for 
5  min  and  then  centrifuged  (10.000  x  g)  for  5  min  at  4°C.  The 
supernatant  was  stored  at  -70°C. 

Polyacrylamide  gel  electrophoresis  (PAGE)  of  lysed,  in¬ 
fected  cell  sumples  was  performed  on  10%  acrylamide- 
sodium  dodecyl  sulfate  (SDS)  gels.  Polyacrylamide  gels 
were  cither  stained  with  Coomassic  blue  or  transferred  to 


nitrocellulose  filters.  All  cell  lysate  samples  subjected  to 
SDS-PAGE  contained  3  x  104  to  9  x  104  cells  per  lane. 
Western  blot  transfers  were  performed  in  25  mM  Tris.  192 
mM  glycine,  and  209?  methanol  at  4°C  for  12  to  16  h. 
Nitrocellulose  filters  were  washed  in  0.1%  bovine  serum 
albumin-0.05  M  N-2-hydroxycthylpipc  razinc-jV'-2-cthancsul- 
fonic  acid  (HEPES)  buffer  (G1BCO  Laboratories.  Grand 
Island.  N.Y.WL1  M  NaCl;  preincubated  4  h  at  4°C  with  3% 
bovine  serum  albumin-0.05  M  HHPES-0.1  M  NaCl  (block¬ 
ing  buffer);  and  incubated  with  rabbit  anti-PA  antibody 
(kindly  supplied  by  S.  Leppla)  or  PA-spccific  monoclonal 
antibodies  (18)  diluted  in  blocking  buffer  for  2  h  at  37°C. 
Purified  preparations  of  B.  imthnicis  PA  (15)  were  used  to 
prepare  polyclonal  and  monoclonal  antibodies  used  for  these 
studies.  Filters  were  washed  and  incubated  with  protein 
A-horseradish  peroxidase  (Kirkegaard  and  Perry  Laborato¬ 
ries.  Inc.,  (iaithersburg.  Md.)  diluted  in  blocking  buffer  for  1 
h  at  37“C.  Filters  were  then  washed  and  reacted  with 
4-chloro-l-naphthol  and  hydrogen  peroxide. 

Trypsin  digest  conditions.  A  10-p.g  sample  of  baculovirus 
recombinant-expressed  PA  or  20  pg  of  B.  anthracis-pro- 
duccd  PA  was  digested  with  trypsin  (6.6  and  0.66  pg/ml, 
respectively)  in  15-pl  reaction  volumes  containing  0.25  M 
HEPES.  10  mM  CaCI,.  and  5  mM  EDTA  (pH  5)  at  room 
temperature.  A  higher  concentration  of  trypsin  was  neces¬ 
sary  to  digest  baculovirus  recombinant-expressed  PA  be¬ 
cause  this  PA  preparation  also  contained  some  nonspecific 
proteins  which  were  still  present  after  PA  enrichment  by 
affinity  column  chromatography. 

KI-ISA.  The  quantity  of  vaccinia  virus-  and  baculovirus 
recombinant-expressed  PA  was  estimated  by  an  antigen 
capture  enzyme-linked  immunosorbent  assay  (ELISA),  as 
previously  described  (45).  Rccombinant-infccted  cells  were 
disrupted  by  freezing  and  thawing  and  suspended  in  various 
amounts  of  phosphate-buffered  saline.  Cell  suspension  (100 
l*i)  was  added  to  100  pi  of  dilution  buffer  (phosphate- 
buffered  saline.  0.5%  gelatin.  0.05%  Tween  20)  and  soni¬ 
cated  on  ice  for  1  min.  Samples  were  incubated  at  room 
temperature  for  15  min,  diluted  in  dilution  buffer,  and 
introduced  into  wells  of  flat-bottomed  ELISA  microtiter 
plates  which  had  been  coated  with  goat  anti-PA  antibody 
(kindly  supplied  by  S.  Leppla)  from  a  goat  hyperimmunized 
with  purified  B.  imthrncis  PA. 

The  anti-PA  tilers  of  immunized  mice  were  determined  by 
an  antibody  capture  ELISA  as  previously  described  (17). 

Immunizations.  ICR  and  C57BL/6  mice  were  inoculated 
with  either  baculovirus  rccombinant-infccted  SF-9  cells  or 
vaccinia  virus  recombinants.  Recombinant  vaccinia  virus 
inoculum  was  prepared  by  using  the  procedures  described 
by  Mackctt  ct  al.  (22).  Mice  were  given  a  single  immuniza¬ 
tion  with  WR-PA  or  Con-PA  (8  x  10*  and  2  x  107  PFU. 
respectively)  by  tail  scarification.  Secondary  immunizations 
consisted  of  intrapcritoncal  injection  of  either  WR-PA  or 
Con-PA  (1.4  x  107  and  4  x  107  PFU.  respectively)  21  days 
after  the  primary  injection. 

Baculovirus  recombinant-infected  SF-9  cells  were  har¬ 
vested  %  or  150  h  (baculovirus  recombinant  no.  1  and  2, 
respectively),  pelleted,  suspended  in  PBS,  and  stored  at 
-70°C.  Mice  were  given  a  single  immunization  with  IBac- 
PA-  or  2Bac-PA-infected  cells  (1.66  x  10*  cells)  intramuscu¬ 
larly.  A  second  immunization  was  given  intramuscularly 
with  3.32  x  10*  cells  on  day  21.  On  day  28.  all  animals  were 
bled  and  sera  were  stored  at  -20°C. 
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Construction  of  baculovirus-  and  vaccinia  virus- PA  rrcom- 
binanls.  Insertion  of  the  PA  gene  into  Kiculovirus  and 
vaccinia  virus  required  subcloning  into  the  appropriate  virus 
transfer  vectors  (pAcYMl  and  pSC-11.  respectively),  f  igure 
1  describes  schematically  the  general  procedures  for  gene 
insertion  and  recombinant  virus  selection.  To  excise  the  PA 
gene  from  pBLSCRPPA.  two  restriction  endonuclease  sites, 
a  1  site  (nucleotide  3352)  and  a  Ham  HI  site  (nucleotide 
3335).  were  introduced  by  site-directed  mutagenesis  into  two 
different  pBLSCRPPA  templates.  pBLSCRPPA-1  and 
pBLSCRPPA-2.  respectively.  The  PA  gene  was  excised 
from  pBLSCRPPA-1  with  flg/ll  and  BamH\  or  from 
pBLSCRPPA-2  with  BamUl  and  subcloncd  into  the  baculo- 
virus  transfer  vector  pAcYMl  (25)  to  produce  plasmids 
pAcYMl-PA-1  and  pAcYMl-PA-2.  The  PA  gene  was  ex¬ 
cised  from  pBLSCRPPA-1  with  Hull  I  and  Bam  HI.  and  hlunt 
ends  were  generated  with  the  large  fragment  of  DNA  poly¬ 
merase  I  and  subcloned  into  the  Sma I  site  of  the  vaccinia 
virus  transfer  vector  pSC-11  (3)  to  produce  pSC-ll-PA. 

Baculovirus  recombinants  were  prepared  by  cotransfec¬ 
tion  of  pAcYMl-PA-1  or  pAcYMl-PA-2  and  the  baculovirus 
genome  DNA  into  SF-9  cells  followed  by  homologous  re¬ 
combination  between  polyhedrin  sequences  contained  in 
both  the  baculovirus  genome  and  pAcYMl.  The  PA  gene 
was  inserted  into  the  baculovirus  polyhedrin  gene  under 


control  of  the  polyhedrin  gene  promoter.  Baculovirus  re¬ 
combinants  (1  Bac-I’A  and  2Bac-PA)  were  selected  by  termi¬ 
nal  dilution  of  the  initial  recombinant  virus  mixture  and 
hybridization  to  PA-specific  nucleic  acid  probes.  Vaccinia 
virus  recombinants  were  generated  by  infection  of  Vcro  cells 
with  vaccinia  virus  (strains  WR  or  Connaught)  followed  by 
transfection  of  pSC-ll-PA.  The  PA  gene  was  inserted  into 
the  vaccinia  virus  thymidine  kinase  gene,  under  control  of 
the  vaccinia  virus  7.5-kDa  promoter,  by  homologous  recom¬ 
bination  between  the  thymidine  kinase  sequences  in  pSC-11 
and  vaccinia  virus.  Vaccinia  virus  recombinants  (WR-PA 
and  Con- PA)  were  selected  from  plaques  that  were  positive 
for  p-galactosidasc  expression.  The  tar'A  gene  is  unique  to 
the  transfer  vector  pSC-11  (3). 

Characterization  and  antigenicity  of  recombinant-expressed 
PA.  Expression  of  the  PA  gene  was  detected  by  immuno- 
fluorescent  antibody  staining  in  both  baculovirus  recombi¬ 
nant-infected  SF-9  cells  harvested  72  h  postinfection  and 
vaccinia  virus  recombinant-infected  Vcro  cells  harvested  24 
h  postinfection.  PA  appeared  to  accumulate  in  the  cytoplasm 
in  both  SF-9  and  Vero  cells,  but  the  precise  subcellular 
localization  was  not  determined.  Baculovirus  recombinant- 
infected  SF-9  cells  were  also  examined  by  using  36  mono¬ 
clonal  antibodies  against  B.  nnthracis  PA  (18).  All  PA 
epitopes  defined  by  a  battery  of  monoclonal  antibodies  were 
detected  on  baculovirus  recombinant-expressed  PA. 
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1 1(  i  2  Western  blots  of  tell  lysates  Irom  rev ombmant  infected  tell  culture t  t  A)  1  llacI’Ainfcctcd  SI* -9  tells  were  harvested  at  various 
times  posiinfettton  <  1*1 1.  I>scd  with  tell  Ivsis  butler,  subjetted  to  SDS-PAtil:  through  in'?!  acrylamide  gels,  and  transferred  to  nitrocellulose 
and  reacted  with  rabbit  anti- l*A  antibodv  lanes  I.  0  h  PI.  2.  24  h  PI:  3.  U>  h  PI.  4.  4X  h  PI;  5.  60  h  PI;  6.  purified  bacterial  PA  <100  ngll  7. 
wild  type  baiuloMius-infcctcd  cells,  approximately  72  h  PI.  8.  uninfected  SI  -V  cell  lysates.  (II)  Vaccinia  situs  recombinant  (WK-I’A  and 
C’on-PAi-tnfecled  Vero  cell  lysates  wete  harvested  at  various  times  PI.  lysed  with  cell  lysis  buffer,  subjected  to  SDS-PAOK  through  10'/ 
acrslamtde  gels,  and  transferred  and  reacted  with  rabbrt  anti-PA  antihodv  lames  1.  C’on-PA  6  h  PI:  2.  Con  I’A  12  h  PI;  3.  Con- PA  18  h  PI; 
4.  (  on  PA  24  h  PI;  V  WR-PA  6  h  PI;  6.  WR  PA  12  h  PI;  7.  W  R-PA  lNhpj.il.  WR-PA  24  h  PI:  9.  purified  bacterial  PAtKXIngl;  10.  uninfected 
Vero  cell  lysates;  II.  wdd-tvpc  vaccinia  virus  i  Connaught  I- infected  cells  24  h  PI;  12.  wild  type  vaccinia  virus  lWK)-mfeclcd  cells  24  h  PI. 
Molecular  masses  to  the  left  of  each  panel  indicate  the  migration  locations  of  protein  standards  not  shown.  Fxpr.  Impressed;  II.  anlhr.  H. 
ant  hr  tn  i  \ 


Recombinant  virus-expressed  PA  was  characterized  fur¬ 
ther  by  Western  blot  analysis.  Baculovirus  recombinant- 
expressed  PA  was  detected  as  early  as  24  h  postinfeclion 
(Fig.  2A.  lane  2)  and  accumulated  through  60  h  postinfection 
(lanes  3  through  5).  PA  production  in  SF-9  cells  infected  at  a 
multiplicity  of  infection  of  10  ITU  per  cell  was  estimated  to 
plateau  at  %  h  postinfeclion  (data  not  shown).  Expressed 
PA,  the  most  prominent  band  in  lanes  2  through  5.  appears 
slightly  larger  (approximately  86  kDa)  than  It.  antltracis- 
produced  PA  (83.5  kDa  (lane  6)1.  In  addition,  there  were  a 
number  of  PA-spccific  fragments  (lanes  2  through  6).  Rabbit 
anti-PA  recognized  expressed  PA  (lanes  2  through  6)  and  not 
cell-specific  proteins  (lane  8).  However,  the  antibody  re¬ 
acted  with  a  baculovirus  protein  of  approximately  32  kDa 
(lane  7).  The  entire  battery  of  anti-PA  monoclonal  antibodies 
(18)  also  recognized  baculovirus  recombinant-expressed  PA 
bound  to  nitrocellulose.  The  PA-spccific  signal  varied  de¬ 
pending  upon  the  monoclonal  antibody  used. 

Vaccinia  virus  recombinant-infected  Vero  cells  were  har¬ 
vested  at  6-h  intervals  during  a  24-h  incubation.  At  24  h 
postinfection.  >90%  of  the  cells  showed  morphological  signs 
of  viral  infection.  Recombinant-expressed  PA  was  detected 
6  h  postinfection  with  both  WR  and  Connaught  strain 
recombinants  (Fig.  2B.  lanes  1  and  5)  and  continued  to  be 
produced  through  24  h  (lanes  2  through  4  and  6  through  8). 
As  seen  with  the  baculovirus  recombinant-expressed  PA. 
the  apparent  molecular  mass  of  the  PA  produced  by  the 


vaccinia  virus  recombinants  was  slightly  larger  (approxi¬ 
mately  86  kDa)  than  that  of  It.  anthrui vVproduced  PA  (lane 
9).  A  number  of  PA-spccific  fragments  were  also  observed 
(lanes  1  through  8);  however,  these  fragments  were  different 
in  size  and  quantity  from  those  of  baculovirus  origin.  Non¬ 
specific  binding  of  rabbit  anli-PA  antibody  to  wild-type  WR- 
or  Connaught-infected  Vero  cell  lysates  or  to  uninfected 
Vero  cell  lysates  was  not  observed  (lanes  10  through  12). 

Baculovirus-exprcsscd  proteins  have  been  reported  to 
represent  up  to  25%  of  the  proteins  detectable  in  infected 
SF-9  cells  (19)  monitored  by  Coomassie  staining.  Expressed 
PA  in  recombinant-infected  SF-9  cells  could  be  delected  by 
Coomassie  staining  protein  lysates  subjected  to  SDS-PAGE 
(data  not  shown).  Vaccinia  virus  recombinant-expressed  PA 
was  not  detectable  in  cell  lysates  examined  by  these  proce¬ 
dures  (data  not  shown).  The  amount  of  expressed  PA 
produced  per  recombinant-infected  cell  was  estimated  by 
antigen  capture  ELISA.  Baculovirus  recombinants  pro¬ 
duced  up  to  6  pg  of  PA  per  cell,  and  each  vaccinia  virus 
recombinant  produced  approximately  0.2  pg  of  PA  per  cell. 

The  size  difference  observed  between  the  recombinant- 
expressed  PA  and  the  B.  anthracis-produced  PA  (Fig.  2) 
could  be  the  result  of  a  number  of  different  co-  or  posttrans- 
lational  processing  events.  Trypsin  cleaves  native  PA  of  B. 
anthracis  preferentially  at  one  location  to  yield  63.5-  (car- 
boxy-lcrminal)  and  20-  (amino-terminal)  kDa  fragments  (16). 
We  digested  baculovirus  recombinant-expressed  PA  with 
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expressed  PA  wits  immunogenic,  mice  were  injected  with 
baculovirus  recombinant-infected  SF-9  cells  or  infected  with 
vaccinia  virus  recombinants.  Mouse  scrum  was  collected 
and  screened  by  antibody  capture  HI. ISA  with  II.  anlhracis- 
priHluced  PA.  The  results  of  these  experiments  are  pre¬ 
sented  in  Tabic  1.  Animals  given  only  a  single  immunization 
as  well  as  those  given  a  second  immunization  with  vaccinia 
virus  recombinants  displayed  anti-PA  antibody;  however, 
animals  receiving  a  second  immunization  exhibited  consis¬ 
tently  higher  titers  than  animals  given  a  single  immunization. 
In  addition,  animals  immunized  with  WR-PA  displayed 
higher  antibody  responses  than  those  immunized  with  Con- 
PA. 

Harjlovirus  recombinant-infected  SF-9  cells  also  elicited 
a  PA-specific  immune  response  in  mice;  however,  the  anti- 
PA  'iters  were  generally  lower  than  those  observed  for 
vaccinia  virus  recombinant-immunized  animals.  A  second 
immunization  with  recombinant  2Bac*PA  induced  high  ti¬ 
lers.  similar  to  those  observed  in  mice  immunized  twice  with 
the  vaccinia  virus  recombinants. 
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24  Kd  -  -  -  - 

20  Kd-  |||  -21.SK,, 

-  14.3  Kd 


I  l< i  »  Trypsin  digest  <>l  hjculovuus  icmmbiruinl-cxprcxxcd 
I’ A  I  vpressed  I’A  and  ptinlicJ  samples  of  bacterial  PA  were  treated 
ss it h  trypsin.  Samples  were  subjected  to  SDS-PAOK  through  IT  'N 
■isrv  l.imide.  transferred  to  nitrocellulose  filters,  and  reacted  with 
rabbit  anli-l'A  antibody.  Hanes  1.  bacterial  PA  tundigesiedi.  2. 
bacterial  I’A  tS-nun  digest i.  t.  bacterial  PA  <  10-min  digest).  4. 
bacterial  PA  Oll-min  digest  i.  5.  recombinant -expressed  PA  tundt- 
gesied).  b.  recombinant-expressed  PA  (5-min  digest),  7.  recombi¬ 
nant-expressed  PA  flO-min  digest).  X.  recombinanl-cxpressed  PA 
On  min  digest  I  Molecular  masses  to  the  righl  of  the  panel  indicate 
the  migration  locations  of  protein  standards  not  shown  Arrows  and 
molecular  masses  to  the  left  of  the  panel  indicate  the  migration 
locations  of  PA  fragments  produced  by  treatment  with  trypsin. 

try  psin  in  an  attempt  to  associate  the  PA  size  difference  with 
one  or  both  primary  fragments.  Baculovirus  recombinant- 
expressed  P A  was  concentrated  by  immunosorbent  chroma¬ 
tography  (data  not  shown!  with  a  PA-specific  monoclonal 
antibody  (18.  201.  II.  uw/ir<«7v-produccd  PA  was  cleaved 
efficiently  from  83.5  (Fig.  3.  lane  1)  :o  63.5-  and  20-kDa 
fragments  (lanes  2  through  4).  Baculovirus  recombinant- 
expressed  PA  (lane  5)  was  also  sensitive  to  digestion  with 
trypsin  and  produced  predominantly  a  63.5-kDa  fragment 
and  a  second  fragment  which  was  approximately  24  kDa 
(lanes  6  through  8).  Therefore,  the  size  difference  between 
bacterial  and  baculovirus  recombinant-expressed  PA  would 
appear  to  be  associated  with  the  amino-terminal  20-kDa 
protein  fragment. 

Immunogenkity  of  recombinant -ex  pressed  PA  fat  mice. 
High  anti-PA  titers  are  found  in  animals  immunized  with  the 
Sterne  vaccine  and  several  PA-producing  bacteria]  vectors 
( 10—12.  46).  Anti-PA  antibody  confers  some  degree  of  pro¬ 
tection  in  these  animals.  To  determine  whether  recombinant- 


DISCISSION 

Baculovirus  recombinants  and  vaccinia  virus  recombi¬ 
nants  have  been  used  to  express  foreign,  immunologically 
significant  proteins  of  pathogenic  agents  (19.  29).  The  vac¬ 
cinia  virus  and  baculovirus  expression  systems  have  been 
used  here  successfully  to  produce  PA.  As  far  as  can  be 
determined,  baculovirus  rccombinant-cxprcsscd  PA  is  iden¬ 
tical  antigcnically  to  bacterial  PA.  because  all  36  antigenic 
determinants,  as  defined  by  monoclonal  antibodies  (18).  arc 
present.  PA  can  be  safely  produced  free  of  trace  amounts  of 
1.1  and  HF  for  potential  use  in  vaccine  development  and 
biological  function  and  structure  studies  of  anthrax  toxin. 
Preliminary  results  indicate  that  purification  of  PA  from 
baculovirus  recombinant-infected  SF-9  cells  is  possible  by 
immunoalfinity  chromatography  (unpublished  results). 

I  he  unit  size  of  baculovirus  rccombinant-cxprcsscd  PA 
appears  slightly  larger  than  that  of  the  bacterial  PA.  II. 
unthriu  i\  PA  is  secreted  from  bacterial  cells  with  the  aid  of 
a  29-amino-acid  hydrophobic  signal  sequence  located  at  the 
amino  terminus  of  the  nascent  polypeptide  (16.  47).  One 
possibility  for  the  size  difference  is  that  the  cucaryotic 
expression  sy  stems  do  not  recognize  this  procaryotic  signal 
sequence  efficiently  in  the  nascent  PA  polypeptide  and  thus 
do  not  remove  it.  This  would  produce  a  PA  approximately  3 
kl)a  larger  than  the  mature  bacterial  PA.  Amino-terminal 
sequencing  of  full-size  baculovirus  rccombinant-cxprcsscd 
PA  was  attempted,  but  the  amino-terminal  amino  acid  was 
blocked.  Trypsin  digests  of  H.  atil/tracis-produccd  PA  and 
baculovirus  recombinant-produced  PA  showed  that  the  ami¬ 
no-terminal  fragment  from  recombinant-expressed  PA  was 
24  instead  of  20  kDa.  These  data  suggest  that  the  PA  signal 
sequence  was  not  removed  in  the  recombinant-expressed 
product. 

Our  results  indicate  that  PA  production  in  vaccinia  virus 
rccomhinant-infectcd  Vcro  cells  is  significantly  less  than  that 
of  baculovirus  recombinant-infected  SF-9  cells.  Antigen 
detection  data  suggested  that  cither  the  PA  expression  levels 
differed  in  the  two  cucaryotic  systems  or  that  the  expressed 
PA  products  in  the  two  eucaryotic  systems  were  different 
enough  antigcnically  to  result  in  differential  anti-PA  antibody 
recognition.  In  support  of  the  former  possibility,  expressed 
PA  was  detectable  in  baculovirus  recombinant-infected  SF-9 
cell  lysates  by  Coomassie  blue-stained  acrylamide  gels  but 
not  in  vaccinia  virus  recombinant-infected  Vcro  cell  lysates. 
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I  ABLE  1.  Antibody  titers  in  mice  after  immunization  with  I'A-producing  vaccinia  virus  recombinants 
or  haculovirus  recombinant-infected  V.  truxiprrja  cells 


An!  i- i 

('A  titer- 

V.iLs,inc* 

K  K 

C57IU./6 

One  immunization 

Two  immunization* 

One  immunization 

Two  immunization* 

Vjccium  virus 
WR-PA 
(  nn  PA 

9.856  1 1 .284-16.000) 
226  «M00| 

128.188)  (12X.IXX)) 

11.713  (10.(88^.12.188)1 

1.936  (XOO-12.KOO) 
1.056  (320-1.(88)) 

40.000  (8.000-128.000) 
29.240  ( 6.400 — f>4 ,(KK) ) 

If  .ictt  1<  >  v  irus 

1  D.ic-PA 
.'IIjlI'A 

20  (0-1001 

1.760  (800-1.218)) 

1.VK)  110-12.8001 
56.960(12.800-128.(8X1) 

66(10-3201 

976  (400-1.280) 

5.280  (640-12.800) 
58.880  (12.800-128, (88)) 

Aseiage  geometric  mean  In  -  5i  iceipio.al  for  animals  at  determined  ht  ELISA.  Ihc  range  is  indicated  in  paicntheses.  The  first  immunization  was  given 
<»m  i!.iv  <i  ihc  second  immunization  M4\  £t*cn  on  day  21.  on  day  2K.  all  gnimJi  were  Ned 


Iherclorc.  sve  suggest  a  difference  in  the  PA  concentration 
per  cell. 

PA  expressed  by  these  recombinants  was  immunogenic 
for  mice.  Serum  titers  were  determined  by  antibody  capture 
1-11. ISA  with  bacterial  PA.  Therefore,  the  titers  in  animals 
rellected  antibody  that  recognized  authentic,  toxin  compo¬ 
nent  PA.  Anli-PA  antibody  liters  were  comparable  to  anti- 
PA  antibody  titers  reported  in  other  animals  immunized  with 
PA  or  PA-prodticing  bacteria  IKM?.  ]7.  43).  PA  produced 
by  2H.ic-PA  appeared  to  immunize  the  animals  better  than 
did  lltac-PA:  however,  an  antigen  capture  MI. ISA  demon¬ 
strated  that  2Hac-PA-ir.fectcd  cells  used  to  immunize  ani¬ 
mals  contained  six  to  eight  times  more  PA  per  cell  than  the 
1  Hac-PA  infected  cells  (data  not  shown).  thus.  the  lower 
antibody  titers  presumably  reflect  a  lower  immunizing  dose 
rather  than  a  qualitative  difference  in  the  expressed  immu¬ 
nogens  These  results  suggest  that  the  anti-PA  antibody 
liters  are  directly  related  to  the  amount  of  PA  used  to 
immunize  the  animals  and  demonstrate  that  haculovirus 
i ecombinant -expressed  PA  and  vaccinia  virus  recombinants 
are  capable  of  inducing  high  anti-PA  titers  in  mice.  The 
ability  of  these  anti-PA  antibodies  to  neutralize  toxin  and 
protect  animals  from  a  H.  anthracis  spore  challenge  is  being 
explored  currently. 

ACKNOWLEDGMENTS 

We  thank  Stephen  Little.  Stephen  Ixppla.  and  Jeanne  Novak  for 
technical  advice  and  Ginny  Carlsen  for  technical  assistance  We  also 
thank  Adrienne  Hall  for  manuscript  preparation. 

LITERATI  RE  CITED 

1  Beall,  E.  A..  M.  J.  Taylor,  and  C.  B.  Thome.  1%:.  Rapid  lethal 
effect  in  rats  of  a  third  component  found  upon  fractionating  the 
toxin  of  Bacillus  anthracis.  J.  Bactcriol.  83:1274-1280. 

2.  Brachman.  P.  S..  H.  Cold.  S.  A.  Plot  kin.  F.  R.  Frkety.  M. 
Werrin.  and  N.  R.  Ingraham.  1962.  Field  evaluation  of  a  human 
anthrax  vaccine.  Am.  J.  Public  Health  52:632-645. 

1.  Chakrabartl,  S„  K.  Brrchling,  and  H.  Mow.  1985.  Vaccinia  virus 
expression  vector:  coexpression  of  fJ-galact  oxidase  provides 
visual  screening  of  recombinant  virus  plaques.  Mol.  Cell.  Biol. 
5:3403-3409. 

4.  Davies,  J.  C.  1982.  A  major  epidemic  of  anthrax  in  Zimbabwe. 
Cent.  Afr.  J.  Med.  12:291-298. 

5.  Ezzell,  J.  W.,  B.  E.  Ivina,  and  S.  H.  Leppta.  1984.  Immunoelcc- 
trophoretic  analysis,  toxicity,  and  kinetics  of  in  vitro  production 
of  the  protective  antigen  and  lethal  factor  components  of 
Bacillus  anthracis  toxin.  Infect.  Immun.  45:761-767. 

6.  Fish,  D.  C.,  B.  G.  Mahlandt,  J.  P.  Dobbs,  and  R.  E.  Lincoln. 
1968.  Purification  and  properties  of  in  vitro-produccd  anthrax 
toxin  components.  J.  Bactcriol.  95:907-918. 


7.  Ertcdlander,  A.  M.  1986.  Macrophages  arc  sensitive  to  anthrax 
lethal  toxin  through  an  acid-dependent  process.  J.  Biol.  Chcm. 
261:7121-7126. 

8.  Green,  B.  D.,  L.  Battisti,  T.  M.  Koehler,  C.  B.  Thome,  and  B.  E. 
Ivins.  1985.  Demonstration  of  a  capsule  plasmid  in  Bacillus 
unthrai  is.  Infect.  Immun.  49:291-297. 

9.  Ilamblrton,  P.,  J.  A.  Carman,  and  J.  Melling.  1984.  Anthrax:  the 
disease  in  relation  to  vaccines.  Vaccine  2:125-132. 

10  Isins.  B.  E.  1988.  The  search  for  a  new-generation  human 
anlhrax  vaccine.  Clin.  Immunol.  Ncwsl.  9:30-32. 

11.  bins.  B.  E..  J.  W.  Ezzell.  Jr..  J.  Jemski,  K.  W.  Iledlund,  J.  D. 
Kistroph.  and  S.  II.  leppta.  1986.  Immunization  studies  with 
attenuated  strains  of  Bacillus  anthracis.  Infect.  Immun.  52: 
4X4-458. 

12  bins,  B.  E..  and  S.  WHkos.  1986.  Cloning  and  expression  of  the 
Bacillus  anthracis  protective  antigen  gene  in  Bacillus  suhtilis. 
Infect.  Immun.  54:537-542. 

13.  bins,  B.  F^..  and  S.  WHkos.  1988.  Recent  advances  in  the 
development  of  an  improved  human  anthrax  vaccine,  liur.  J. 
Epidemiol.  4:12-19. 

14  Keppie.  J..  P.  W.  1 1  arris- Smith,  and  II.  Smith.  1963.  The 
chemical  basis  of  the  virulence  of  Bacillus  anthracis.  III.  The 
role  of  Ihc  terminal  bacteremia  in  death  of  guinea-pigs  from 
anthrax.  Br.  J.  F.xp.  I’alhol.  36:315-322. 

15.  lappla.  S.  II.  1988.  Production  and  purification  of  anthrax  toxin. 
Methods  FZnzymol.  165:103-116. 

16.  l-rppla,  S.  H.,  A.  M.  Eriedlandrr,  and  E.  M.  Cora.  1987. 
Proteolytic  activation  of  anthrax  loxin  bound  to  cellular  recep¬ 
tors.  p.  1 1 1-112.  In  F\  F'ehrcnbach  et  al.  ted.).  Bacterial  protein 
toxins.  Gustav  Fischer.  Stuttgart.  Federal  Republic  of  Ger¬ 
many. 

17.  I.itllr,  S.  E.,  and  G.  B.  Knudson.  1986.  Comparative  efficacy  of 
Bacillus  anthracis  live  spore  vaccine  and  protective  antigen 
vaccine  against  anthrax  in  the  guinea  pig.  Infect.  Immun. 
52:502-512. 

18.  Uttle,  S.  F.,  S.  H.  Leppla,  and  E.  Cora.  1988.  Production  and 
characterization  of  monoclonal  antibodies  to  the  protective 
antigen  component  of  Bacillus  anthracis  toxin.  Infect.  Immun. 
56:1807-1813. 

19.  Luckow,  V.  A.,  and  M.  D.  Summers.  1988.  Trends  in  the 
development  of- haculovirus  expression  vectors.  Bio/Technol¬ 
ogy  6:47-55. 

20.  Machines.  E.  J.,  G.  J.  Calton,  and  J.  W.  Burnett.  1986.  Purifi¬ 
cation  of  Bacillus  anthracis  lethal  factor  by  immunosorbent 
chromatography.  Toxicon  24:187-195. 

21.  Mackett,  M„  G.  L.  Smith,  and  B.  Mow.  1982.  Vaccinia  virus:  a 
selectable  eukaryotic  cloning  vector.  Proc.  Natl.  Acad.  Sci. 
USA  79:7415-7419. 

22.  Mackett,  M.,  G.  L.  Smith,  and  B.  Mow.  1985.  The  construction 
and  characterization  of  vaccinia  virus  recombinants  expressing 
foreign  genes,  p.  191-211.  In  D.  M.  Glover  (ed,).  DNA  cloning, 
vol.  2.  A  practical  approach.  IRL  Press,  Washington.  D.C. 

23.  Maeda,  S.,  T.  KawaJ,  M.  OMnala,  H.  Fajhrara,  T.  HoriucM,  Y. 
Sack!,  Y.  Sato,  and  M.  Furusawa.  1985.  Production  of  human 


IACONO  CONNORS  O  Al.. 


Ini  i  (  i .  Immun. 


172 


u-intertcron  in  silkworms  living  .i  baculovirus  vector.  Natuit- 
il.ondoni  JISiW-'W. 

24  Manialis,  T„  K.  K.  Fritxch,  and  J.  Namhruok.  1982.  Molecular 
cloning:  .1  laboratory  manual  Cold  Spring  Harbor  laboratory 
Cold  Spring  Harbor.  N.Y. 

Is  Malxuura.  Y..  K.  I).  Pnun,  II.  A.  Overton,  and  I).  II.  Bishop. 
1987  Baculovirus  expression  vectors.  the  requirements  for  high 
level  expression  of  proteins,  including  glycoproteins  J.  Gen 
Virol  6)1: 12.0-1250. 

26.  Mrynrll.  (1.  (J.,  and  K.  Mrynrll.  IW6  I  he  biosynthesis  of  poly 
D  glutaniic  acid,  the  cap»ular  material  of  Km  ill  in  unihrai  n  J 
fieri  Microbiol.  4.1:1 10-1  18. 

27  Mikrsell,  P..  II.  K.  him,  J.  I).  Ristroph.  and  T.  M.  Itrrtrr.  1981 
Evidence  for  plasmid-mediated  toxin  production  in  Itui  illin 
unthnui 1  Infect.  Immun.  .19:171-176. 

28  Miyamoto,  ('.,  (i.  K.  Smith.  J.  Farrrll-lowt.  R.  (  hir/onitr. 
M.  I).  Summers,  and  (J.  Ju.  198'  Production  ol  human  c  om 
protein  in  insect  cells  infected  with  a  baculovirus  expression 
vector  Mol  Cell  Biol.  5:2K6<>-286< 

2'/  Moss.  It.,  and  C.  Flesner.  1987  Vaccinia  virus  expression 
vectors  \rinu  Rev  Immunol  5:'0'-124 

til  Panieali.  I)..  and  K.  Paolrttl.  1982.  <  onstruclion  ol  poxviruses  as 
cloning  vectors:  insertion  of  the  thymidine  lonusc  gene  from 
herpes  simplex  virus  into  the  DMA  of  infectious  vaccinia  vnus. 
Proc  Natl  \c.id.  Sci.  USA  79:4927-4911 

U  Port!/.  I).  M.  1*17*).  Hut  lllu  v  iinlhrut  n  lanthraxt  p.  1614-1617. 
/of.  I  Mandril.  K  (j  Douglas.  Jr  .  and  J  I  Bennett  led  1. 
Principles  and  practice  of  infectious  disease  John  Wdcv  Ac 
Sons.  Inc.  .  Neve  York 

*2  Pu/iss.  M..  I-  ('.  Manning.  J.  IV.  Lynch.  F.  Barclay.  I.  Abrkm. 
and  (i.  I,.  M right.  1961.  large-scale  pioductlnn  of  protective 
antigen  ol  llm  illu*  unthrui  n  in  anaerobic  cultures  \ppt  Mi¬ 
crobiol  1 1: 1  <0-114 

.1  <  Smith.  J  ..  (i.  Ju.  B.  I  .  Kric  am.  J.  Mmchrra.  II.  W.  I  -ahm.  R. 
(hi//omtr.  and  M.  I>.  Summers.  19MX  ModihcatKUl  and  secre¬ 
tion  ol  tinman  interleukin  2  produced  in  insect  cells  bv  a 
baculovirus  expression  vector  I’i.k  Natl  Acad  Set  t  SA 
82:  *41 14-841 IX 

<4  Smith.  II..  and  II.  B.  Stoner.  I  ¥67  Vnlhux  toxin  complex  led 
Proc  26: 1  <'4-1 XX7 

b  Smith,  (i.  F..  M.  I).  Summers,  and  M.  J.  Iraser.  19X1  Produc¬ 
tion  of  human  beta  intcrfcion  in  insect  cells  inlectcd  vsuh  a 
baculovirus  expression  vector.  Mol  f  ell  Biol  .1:21V»-2I6' 

<6  Stanlev.  J.  I...  K.  Sargeanl.  and  II.  Smith,  19(41  PurihcatK»n  of 
l.ictors  I  and  II  of  the  anthrax  toxin  piiHjuccd  in  vivo  J.  Gen 


Microbiol.  22:206-218. 

<’  Stanley,  J.  I...  and  II.  Smith.  1961.  Piinlicalion  of  factor  I  and 
recognition  of  a  third  factor  of  anthrax  toxin.  J.  Gen.  Microbiol. 
26:49-66 

<S  Slrme.  M.  1919.  The  use  of  anthrax  vaccines  prepared  from 
.■virulent  funcapsulatcd)  variants  of  llmillm  anlhrail Ondcr- 
stepxsirl  J.  Vet.  Sci.  Anim.  Ind.  1.1:107-112. 

19  Summers,  M.  I>„  and  (J.  K.  Smith.  1987.  A  manual  of  methods 
for  baculovirus  vccio;  and  insect  cell  culture  procedures. 
Texas  Agricultural  Kxpcrimcnt  Station.  College  Station.  Tex. 

4ii  Thorne,  C.  B.  1956.  Capsule  formation  and  glutamyl  polypep¬ 
tide  synthesis  by  llurillin  unthrui  is  and  llaiithis  suhlilis.  Symp. 
Soc.  Gen.  Microbiol.  6:68-80. 

4|  I  borne,  C.  B-,  C.  II.  Gome/,  and  R.  I).  Ilouvew right.  1952. 
Synthesis  of  glutamic  acid  and  glutamyl  polypeptide  by  Haiillus 
unthrui  iv  II.  The  effect  of  carbon  dioxide  on  peptide  produc¬ 
tion  on  solid  media.  J.  Bactcriol.  6.1:161-168. 

42  I  borne.  C.  B..  I).  M.  Moinar,  and  R.  K.  Strange.  1960.  Produc¬ 
tion  of  toxin  in  vitro  by  Rut  tllu\  unlhriii  it  and  its  separation  into 
two  components.  J.  Bactcriol.  79:4M>-48V 

41  Turnbull.  P.  C.  B..  M.  G.  Brosler,  J.  A.  Carman.  R.  J.  Manehee, 
and  J.  Melting.  198/, ,  Development  of  antibodies  to  protective 
antigen  and  lethal  factor  components  of  anthrax  toxin  in  humans 
arid  guinea  pigs  and  their  relevance  to  protective  immunity. 
Infect.  Immun  52:156-161. 

44  Cchida.  I.,  R.  Sckl/akl.  K.  Ilashimofo,  and  N.  Trrakado.  1985. 
Association  of  the  encapsulation  of  Hut  lllu v  uni  hr  tit  1 1  with  a  Ml 
megadalton  plasmid.  J.  Gen  Microbiol  1.11:161-167. 

4'  Yudkin.  M.  II..  and  V  II.  la-ppla.  1981  Cloning  of  the  protective 
antigen  gene  of  Hut  ilhn  util  lir  u<  n .  Cell  .14:691-696. 

4/,  XX elkus.  S.  1...  and  A.  M.  Friedlander.  1988  Comparative  safely 
and  cllicacy  against  H111  illin  unthrui  r»  of  protective  antigen  and 
lixe  vaccines  in  mice.  Microb.  Palhog.  5:127-119. 

4’  XSrlkos.  S.  |.„  J.  R.  lame.  F.  Falrn  Mrf  ulchan.  M.  Vndkln, 
S.  II.  l-rppla.  and  J.  J.  Schmidt.  1988.  Sequence  analysis  of  the 
DNA  encoding  protective  antigen  of  Hut  illin  unthnui .».  fienc 
69:287-  11x1 

4X  11 nod,  IV.  I..  J.  Gitschicr.  I..  A.  lank*.  and  R.  M.  l  awn.  1985. 
Base  composition-independent  hybridization  in  tclramclhylam- 
momum  chloride:  a  method  for  oligonucleotide  screening  of 
highly  complex  gene  libraries  Proc  Natl  Acad.  Sci.  USA 
*2:l'8'-l<88. 

49  /aaiiuuw.  II.  T..  and  II.  Smith.  19X6.  I’oly glutamic  acid  from 
lint  illin  uttllirut  n  grown  in  vivo  structure  and  aggressin  activ- 
itv  llioshem  J  6.1:417-442 


.••-.•esslon  For 

;:s  GRAH 
uric  TAB 

Unannounced 


1 


just iflcatioa. 


By - 

Distribution/ 


Availability  Cod*» 


Dint 


Avail  arid/or 
Special 


